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NON-ALIGNED ANTENNA EFFECT
PROTECTION CIRCUIT WITH SINGLE
EVENT TRANSIENT HARDNESS

TECHNICAL FIELD

The disclosure relates generally to integrated circuit fabri-
cation with semiconductor devices and, more particularly, to
antenna protection circuits.

BACKGROUND

During processing of mtegrated circuits on a semiconduc-
tor water, a charge may collect on exposed metal interconnect
surfaces, creating a so-called “antenna current.” This phe-
nomenon, known as the antenna effect, may occur at each
metal layer processed during circuit fabrication. Thus, there
can be metal antennas that connect to only MOSFET and/or
capacitor thin gate oxide, only p-n junctions, or both. If too
much charge accumulates on the metal interconnect, the
accumulated charge may damage an aspect, e.g., the gate
oxide or p-n junction, of the device fabricated on the water.
Thus, these signal routing metal interconnect lines need a
means to discharge during processing to avoid device dam-
age. One method for discharging the accumulated charge 1s
by connecting a diode between a potentially damage-causing,
metal line and the other node of the aspect of concern 1n the
device. For example, during the first metal layer processing, a
large first metal line of a signal node connected only to a
MOSFET gate node will generate a large charge across the
gate oxide unless a diode 1s connected between the gate node
and the ground node 1n such a manner that there 1s a path
through conducting features that exist during first metal pro-
cessing and/or p-n junctions from the ground node of the
diode to the MOSFET body node. A diode that 1s used to
discharge a metal line during waler fabrication may be
referred to as an “antenna diode.”

Antenna current 1s generally small compared to both for-
ward and reverse biased p-n junction leakage current during,
processing. Thus, p-n junctions can provide an etlective path
for current to flow 1n both forward and reverse bias directions
during water fabrication. p-n junctions are fairly robust to this
passing charge but there 1s a limit. If the MOSFET drain/body
p-n junction area 1s msuiiicient to handle the antenna current,
then an antenna diode may be placed near and in parallel with
the MOSFET to increase the effective p-n junction area. Gate
oxide will also pass charge but with a very large effective
impedance. Thus, significant voltages can develop across the
gate oxide that, 11 high enough, can damage the gate oxide.

Additionally, gate oxide can only tolerate a small amount
of passing charge per unit area before long-term reliability 1s
significantly compromised. To prevent gate oxide damage
and maintain long term reliability, limits may be defined on
the ratio of exposed metal interconnect line’s surface area
and/or perimeter to the gate oxide area so as not to exceed a
gate oxide passing current or charge density limit. When the
ratio limait 1s exceeded, an antenna diode may be placed near
the gate of the transistor, e.g., between the gate node and the
body node which 1s generally connected to the voltage supply
line (VSS or VDD) node to discharge (i.e., bleed-oil, shunt)
the charge from the gate node to the body node through the
antenna diode p-n junction rather than through the gate oxide.

An antenna diode may be placed and connected to a cir-
cuit’s signal node such that it 1s reverse biased during normal
circuit operation and thus does not interfere with normal
circuit operation. During normal circuit operation, however,
energetic particles such as alpha, nuclear weapon generated,

2

naturally occurring above earth’s atmosphere 1n space or
generated from an incoming particle interacting with the sur-
rounding material (these generated particles are known as
secondary particles) can pass near and/or through the p-n

5 junction of the antenna diode. The Linear Energy Transfer
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(LET) defines the amount of energy the particle transfers to
the surrounding material which 1n turn defines the number of
clectron-holepairs (i.e., charge) produced along the particle’s
path 1n the silicon. LET 1s a function of particle energy and
mass. When the particle forms a line of charge 1n the silicon
that 1s collected by the p-n junction, the antenna diode will
produce a current that flows across the p-n junction from the
cathode to the anode with a magnmitude that 1s a function of the
particle’s LET (the higher the LET, the higher the current
magnitude) that lasts until the charge produced by the particle
1s removed or recombines. The net result 1s the generation of
a transient current pulse through the diode. The consequence
of this transient current pulse may be a transient false voltage
transition (1.e., a single event transient (SE'T)) on the signal
node, 11 the transient current pulse overpowers the ability of a
driver to hold a valid voltage on the s1ignal node and the stored
charge of the signal node capacitance.

The SET can generally only disrupt circuit operation 1f the
transient false voltage transition propagates beyond the 1ni-
tially affected signal node. To do this, the transient false
voltage transition must change the initial signal node voltage
past the reaction voltage level of the downstream circuitry
(e.g., the mput voltage level where logic gates distinguish
between an mput high versus low state 1s known as the input
state switching voltage (Vswitch), typically around VDD/2 or
the mput to an amplifier 1n which case the voltage change for
reaction could be very small) and stay past this reaction
voltage level for a period of time suflicient for the down-
stream circuitry to respond. If the SET produces a transient
false voltage transition of suificient magnitude and duration
such that circuitry connected to this node responds, the SET
can propagate through the circuit and potentially disrupt the
intended operation, ultimately resulting 1n the disturbance of
a circuit containing stored information, such as a memory,
latch or register. The unintended change 1n the stored infor-
mation will result 1n an output that could disrupt the proper
operation of a system that includes the circuait.

In circuits that have been SET-hardened (designed to pro-
duce fewer, less severe, or no SETs and thus SET-immune), or
in circuits that do not need SE'T hardening (the unhardened
circuit 1s sufficiently hard), but SET 1s a concern, an SET
antenna diode that has equivalent or better SE'T hardness 1s
needed. Otherwise, the addition of the antenna diode can
compromise the SET hardening designed into the circuit or 1in
the case of an unhardened circuit can adversely increase the
probability of an SET occurring. In most energetic particle
environments, such as space, there 1s a distribution of particle
LETSs, where the higher the LET, the fewer the particles with
that LET. The number of these particles with a particular LET
can be statistically averaged 1in terms of the number of par-
ticles impinging a surface in a given time. Many circuits will
only produce an SET with LETs greater than a certain limiat.
Thus, a circuit that 1s not SET-immune could still have a high
enough LET tolerance such that the number of SET's within a
given time 1s small enough to allow acceptable circuit opera-
tion.

The MOSFET’s drain to body p-n junction will produce a
transient current pulse from an energetic particle passing
through 1t. A MOSFET output driver may be able to compen-
sate the transient current pulse and maintain the desired volt-
age on the signal node for a high enough particle LET that the
SE'T probability of occurrence 1s acceptable. In this case
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placing an SET-producing antenna diode near the MOSFET
output driver 1s not likely to significantly increase the SET
probability because i1t will take the same particle LET passing,
through the antenna diode to generate an SET. However,
MOSFET output drivers can drive large capacitance loads
which frequently have long metal lines from the driver to the
gates and thus significant metal resistance. If an SET-produc-
ing antenna diode 1s placed near the gate, the metal resistance
back to the output driver may compromise the ability of the
output driver to compensate for the charge collected from a
particle LET 1n the antenna diode. As a result, an SET that
disturbs circuit operation may be produced at a much lower
LET than if the particle had passed through the output driver
or an antenna diode placed near the output driver resulting 1n
an 1ncrease in SET probability that may be unacceptable.

Hence, an antenna diode with sufficient SET hardness 1s
needed.

SUMMARY

In general, the disclosure 1s directed to an antenna protec-
tion circuit connected between a signal node and voltage
supply (e.g., VDD or VSS) comprising at least three p-n
junction devices having a non-aligned arrangement that pro-
motes SET hardness. The disclosure describes an antenna
protection circuit for use in circuits where there 1s an SET
concern. The antenna protection circuit may include at least
three p-n junction devices, connected electrically 1n series
and arranged such that at most all but one of the at least three
p-n junction devices produce a transient current pulse from an
energetic particle. During the transient current pulse event,
the remaining p-n junction device suificiently blocks the tran-
sient current pulse and an SET does not occur on the signal
node. The antenna protection circuit may be constructed so
that no parasitic p-n junction structure (e.g., diode or BJT) 1s
associated with any ol the intended p-n junction devices 1n the
circuit.

In one aspect, the antenna protection circuit comprises at
least three p-n junction devices connected 1n series, wherein a
first of the at least three p-n junction devices 1s connected to a
signal line, wherein a last of the at least three p-n junctions 1s
connected to a voltage supply line, and wherein the at least
three p-n junction devices are arranged such that a straight
line cannot pass through all of the at least three p-n junction
devices.

In one aspect, the disclosure 1s directed to a method for
protecting a metal line from charge accumulation during fab-
rication without introducing a single event transient weakness
to a circuit connected to the metal line, the method compris-
ing connecting at least three p-n junction devices 1n series,
connecting a first of the at least three p-n junction devices to
a signal line, connecting a last of the at least three p-n junction
devices to a voltage supply line (VSS or VDD), and arranging
the at least three p-n junction devices such that a straight line
cannot pass through all of the at least three p-n junction
devices, wherein the anode and cathode arrangement 1s such
that at most all but one of the at least three diodes produce a
temporary current pulse from an energetic particle and the
remaining diode will suiliciently block the temporary current
pulse to prevent the occurrence of a voltage transient that can
propagate 1n the downstream circuitry.

The details of one or more examples of the disclosure are
set forth 1 the accompanying drawings and the description
below. Other features, objects, and advantages of the disclo-
sure will be apparent from the description and drawings, and
from the claims.
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4
BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a circuit diagram 1illustrating a prior art antenna
diode circuit comprising a single diode.

FIG. 2 1s a circuit diagram illustrating another prior art
antenna diode circuit comprising two diodes.

FIG. 3 1s a circuit diagram illustrating a three-diode
antenna protection circuit in accordance with an example of
this disclosure.

FIG. 4 1s a circuit diagram 1llustrating a four-diode antenna
protection circuit 1n accordance with an example of this dis-
closure.

FIG. § 1s a layout diagram illustrating an example of a
three-diode arrangement using p-n junction diodes 1n a sili-
con on 1sulator (SOI) technology.

FIG. 6 1s a layout diagram 1illustrating an example of a three
diode arrangement using gated p-n junction diodes 1n a sili-
con on 1sulator (SOI) technology.

FIG. 7 1s a layout diagram 1llustrating an example of a four
diode arrangement using p-n junction diodes in a silicon on
isulator (SOI) technology.

FIG. 8 1s a layout diagram 1illustrating an example of a four
diode arrangement using gated p-n junction diodes 1n a sili-
con on 1nsulator (SOI) technology.

FIG. 9 1s a layout diagram 1llustrating an example of a three
diode arrangement using p-n junction diodes in a silicon on
isulator (SOI) technology with silicide that can bridge p-n
unctions.

FIG. 10 1s a layout diagram 1llustrating an example of a
three diode arrangement using gated p-n junction diodes 1n a
silicon on 1nsulator (SOI) technology with silicide that can
bridge p-n junctions.

FIG. 11 1s a layout diagram illustrating an example of a four
diode arrangement using p-n junction diodes in a silicon on
isulator (SOI) technology with silicide that can bridge p-n
junctions.

FIG. 12 1s a layout diagram illustrating an example of a four
diode arrangement using gated p-n junction diodes 1n a sili-
con on 1insulator (SOI) technology with silicide that can
bridge p-n junctions.

FIG. 13 1s a circuit diagram 1llustrating an example four
diode antenna circuit using the MOSFETs within an ASIC
sea-ol-gates gate array basecell which have separate body
connections.

FIG. 14 1s a circuit diagram 1llustrating an example four
diode antenna circuit using the MOSFETs within an ASIC
sea-ol-gates gate array basecell which have shared body con-
nections.

DETAILED DESCRIPTION

In general, the disclosure 1s directed to an integrated circuit
(IC) where SET 1s a concern and may include elements to
promote SET hardness. Some semiconductor devices are
designed to operate in conditions that expose the devices to
energetic particles such as, for example, 1n space applica-
tions, during flights, or during warfare. An antenna diode may
be placed on a signal line that 1s driven by a circuit where SET
1s a concern. There may be a significant interconnect resis-
tance between the antenna diode and the drain of the driving
transistor. An energetic particle strike on a reverse biased p-n
junction of the antenna diode may cause a current to flow 1n
the diode, potentially causing a significant voltage glitch at
the end of the line. Thus, the insertion of the antenna diode for
antenna charge bleed-oif during fabrication may introduce an
SE'T weakness to a circuit that has been otherwise hardened
against SET.
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Generally, energetic particles travel in a straight line
through silicon containing IC devices. Referenced to a fixed
point, the region 1n three-dimensional space from which par-
ticles can come and pass through the reference point 1s known
as the solid angle. The solid angle has a maximum value of 4
steradians, 1.e., from all directions. Consequently, a reduction
in the solid angle reduces the number of particles and, 1n turn,
reduces the number of generated SETs. It should be under-
stood that while the following discusses techniques of the
disclosure 1n terms of diodes and other specific p-n junction
devices, that other p-n junction devices may be utilized to
practice the techniques of the disclosure.

FIG. 1 1s a circuit diagram 1illustrating a prior art antenna
diode circuit comprising a single antenna diode 103. A cath-
ode of diode 103 may be connected to a node 101 1n a circuat,
such as a signal line. An anode of diode 103 may be coupled
to a ground voltage supply line 1n such a manner that there 1s
a path through conducting material and/or p-n junction(s)
from the antenna diode to the other node of the aspect of
concern in the device connected to the signal line. Diode 103
may form part of a larger circuit, and may be provided to
discharge antenna current from node 101. Lines 105 represent
the paths an energetic particle may travel through the diode
103. In limited situation, there may be a small but finite
probability that a particle’s path can be altered from a straight
if’ 1t interacts with the nucler of the atoms in the maternal
through which 1t 1s passing. However, to first order, the par-
ticle travels 1n a straight line for distances commonly associ-
ated with devices in an integrated circuit. Additionally, a
deviation from a straight line path may be accounted for by
defining a radius about the straight line to create a cylinder
that encloses the actual particle path and then replace the
straight line concept with a cylinder concept. As shown 1n
FIG. 1, an energetic particle can come from any direction and
take any one of an infinite number of paths and still pass
through the diode 103, thus producing an SET and potentially
disrupting operation of a circuit coupled to the diode. There-
tore, the solid angle associated with this arrangement 1s the
maximum value.

FIG. 2 1s a circuit diagram illustrating another prior art
antenna diode circuit comprising two diodes. The antenna
diode of FIG. 2 1s generally described 1n U.S. patent applica-
tion Ser. No. 11/330,882, filed Jan. 12, 2006, titled “Single
Event Transient Immune Antenna Diode Circuit,” and pub-
lished as U.S. Patent Application Publication No. 2007/
0162880, published Jul. 12, 2007, the entire content of which
1s mcorporated herein by reference The two diode antenna
diode circuit protects against charge accumulation during
circuit fabrication and provides some SET hardening, by
decreasing the numbers of paths of an energetic particle that
would cross both diodes, and produce an SET. Therefore, in
this arrangement, the particles can only come from certain
directions to pass through both diodes and produce a transient
current pulse that generates an SET. An energetic particle that
passes through only one of the diodes and produces a transient
current pulse, does not generate an SET if the transient cur-
rent pulse 1s suiliciently blocked by the other diode. There-
fore, the solid angle associated with the arrangement of FIG.
2 1s smaller than that of the arrangement of FIG. 1, and
therefore the probability of generating an SET 1s much
smaller. Additionally, as the distance between the diodes
increases, the solid angle decreases, and approaches zero as
the distance between the diodes approaches infinity. How-
ever, the small areas 1n which integrated circuits are built may
not allow accommodating very large distances between the
diodes. Therefore, there may be some paths 203 that an ener-
getic particle may travel by which it may cross both diodes
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203 and 207. While the probability of SET 1n the example of
FIG. 2 1s smaller than that of FIG. 1, an SE'T may be produced
and circuit operation may still be disrupted at an unacceptable
probability.

FIG. 3 1s a circuit diagram illustrating a three-diode
antenna protection circuit in accordance with an example of
this disclosure. The circuit diagram of FIG. 3 1s an antenna
protection circuit that may be connected to a signal line that 1s
driven by a circuit where SE'T 1s a concern. In one example,
the cathode of the first diode 307 may be connected to a node
301 associated with the signal line. The anode of the first
diode 307 may be connected to the cathode of a second diode
303. The anode of the second diode 303 may be connected to
the cathode of a third diode 305, and the anode of the third
diode 305 may be connected to a node 302 and associated
with the ground voltage supply line 1n such a manner that
there may be a path through conducting material and/or p-n
junction(s) from the antenna diode to the other node of the
aspect of concern 1n the device connected to the signal line.
The antenna protection circuit of FIG. 3 may be connected
between the signal line node 301 and the ground voltage
supply line node 302 and may protect the signal line from
antenna current during fabrication without introducing an
SE'T vulnerability during operation of a circuit connected to
the signal line. As depicted in FIG. 3, the three diodes 303,
305, and 307 may be electrically connected 1N Series between
the signal line node 301 (302) and a voltage supply line VSS
(VDD) node 302 (301), and physically arranged relative to
one another such that no straight line can pass through all
three diodes. Therefore, during normal circuit operation, 1
any two diodes produce a transient current pulse due to an
energetic particle that passes through the two diodes in a
straight line, the third diode remains reverse biased thereby
suificiently blocking the transient current pulse, and as a
result an SET does not occur. As a result, an SET will not be
produced on the signal line due to any particle strike on the
antenna protection circuit.

In one example of the disclosure, the diodes may be con-
nected utilizing a technology that ensures that no parasitic p-n
junction structures such as, for example, diodes or BJT struc-
tures are associated with any of the three diodes. For example,
s1licon on 1mnsulator (SOI) technology, e.g., silicon on 1nsulat-
ing oxide or silicon on sapphire (SOS), may be utilized to
connect the diodes and position them 1n the desired arrange-
ment.

In this example, there 1s no direction from which an ener-
getic particle can come from and pass through all three
diodes. Instead, the particle may pass through at most two of
the three diodes 303, 305, 307. The solid angle associated
with this arrangement 1s zero, resulting 1n a true SET-hard-
ened circuit. In some examples, the three diodes may reside
on substantially the same silicon plane, or be spatially
arranged so that some of the diodes are on different silicon
planes.

FIG. 4 1s a circuit diagram 1llustrating a four-diode antenna
protection circuit 1n accordance with an example of this dis-
closure. The circuit diagram of FIG. 4 1s an antenna protection
circuit that may be connected to a signal line that 1s driven by
a circuit where SE'T 1s a concern. In one example, the cathode
of the first diode 407 may be connected to a node 401 asso-
ciated with the signal line. The anode of the first diode 407
may be connected to the cathode of a second diode 403. The
anode of the second diode 403 may be connected to the
cathode of a third diode 405. The anode of the third diode 405
may be connected to the cathode of the fourth diode 409, and
the anode of the fourth diode 409 may be connected to anode
402 and associated with the ground voltage supply line 1n




US 8,217,458 B2

7

such a manner that there may be a path through conducting
material and/or p-n junction(s) from the antenna diode to the
other node of the aspect of concern 1n the device connected to
the signal line. The antenna protection circuit of FIG. 4 may
be connected between the signal line node 401 and the ground
voltage supply line node 402 and may protect the signal line
from antenna current during fabrication without introducing
an SE'T vulnerability during operation of a circuit connected
to the signal line. As depicted 1n FIG. 4, the four diodes 403,
405, 407, and 409 may be electrically connected 1n series
between the signal line node 401 (402) and a voltage supply
line VSS (VDD) node 402 (401), and physically arranged
relative to one another such that no straight line can pass
through all four diodes. Therefore, during normal circuit
operation, if any three diodes produce a transient current
pulse due to an energetic particle that passes through the three
diodes 1n a straight line, the forth diode remains reverse
biased thereby sufficiently blocking the transient current
pulse, and as a result an SET does not occur. As a result, an
SE'T will not be produced on the signal line due to any particle
strike on the antenna protection circuit.

In one example of the disclosure, the diodes may be con-
nected utilizing a technology that ensures that no parasitic p-n
junction structures such as, for example, diodes or BI'T struc-
tures are associated with any of the four diodes. For example,
s1licon on 1mnsulator (SOI) technology, e.g., silicon on 1nsulat-
ing oxide or silicon on sapphire (SOS), may be utilized to
connect the diodes and position them 1n the desired arrange-
ment.

In this example, there 1s no direction from which an ener-
getic particle can come from and pass through all four diodes.
Instead, the particle may pass through at most three of the four
diodes 403, 405, 407, 409. The solid angle associated with
this arrangement 1s zero, resulting 1n a true SET-hardened
circuit. In some examples, the diodes may reside on substan-
tially the same silicon plane, or be spatially arranged so that
some of the diodes are on different silicon planes. Addition-
ally, in a four-diode arrangement smaller spacing may be
needed between the diodes to ensure that a straight line does
not go through all diodes, and therefore, a smaller space, as
defined by the outer extent of the diode constructs, may be
needed on the circuit to achieve the SE'T hardness.

FIG. S1salayout diagram 1llustrating an example of a three
diode arrangement using SOI technology. Some SOI tech-
nologies can only form lightly doped silicon regions under the
MOSFET gate oxide (1.e., the MOSFET body region) which
ends up under a poly feature. These are known as tloating
body SOI. Other SOI technologies have additional process
capabilities that allow forming lightly doped silicon regions
under and outside gate oxide/poly regions. The lightly doped
s1licon region outside the gate oxide/poly region 1s termed the
s1licon body-tie region since it can directly tie (1.e., connect)
into the MOSFET body region under the gate oxide. This 1s
known as body-tied SOI. This example may use SOI technol-
ogy with silicon body-tie capability. Typically, SOI technolo-
gies have a thin silicon layer in which the devices are formed
with an insulating region under the thin silicon layer. The
three diodes 503, 505, and 507 may be connected between the
signal node and VSS, the signal node and VDD, or both. Each
of the diodes 503, 505, and 507 may comprise a heavily doped
p-type (P+) and a heavily doped n-type (N+) region, with
lightly doped n-type (N-) body-tie regions, 513, 5135, and
517, respectively, which electrically connect directly to the
N+ region since that 1s of the same doping type. The body-ties
713, 715, 717, and 719 may be either N- or P- body-tie.

The diodes may be connected to one another and to the
signal node and voltage supply lines (VSS or VDD) using a
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conductor 521, 523, 525, and 527, such as a metal, connected
to the diodes using contacts. When connected to one another,
the p-type region of one diode may be connected to the n-type

region of the next diode, as 1llustrated by connections 523 and
525, connecting diodes 507 and 503 and diodes 503 and 505,
respectively. The connections 527 and 521 may be connected

to a signal line and a voltage supply line (VSS or VDD).

In this example, the body-ties 313,515, and 517 may be N—
body-ties, which may be preferred since the P+/N- reverse
biased junction may have lower leakage than the N+/P-
reverse biased junction. The connections between the diodes
may be metal connecting the diodes through the contacts as
shown 1n FIG. 5. The diodes and the body-ties may be sur-
rounded by oxide.

In the example of FIG. S, the three diodes may be arranged
such that a straight line may pass through at most two diodes.
Theretfore, during normal circuit operation, at most only two
diodes may produce a transient current pulse by a line of
charge from an energetic particle passing through, the other
diode remains reverse biased thereby suificiently blocking
the transient current pulse, and as a result an SET will not be
produced on the signal node.

FIG. 6 1s a layout diagram 1illustrating an example of athree
diode arrangement using tloating body SOI technology. In
this example, the diodes of FIG. S5, for example, may be
replaced with MOSFET devices 603, 605, and 607, which are
constructed to function as diodes by replacing one of their
source/drain doping types with the type that matches the body
region doping type. The MOSFETs (also known as gated p-n
junction diodes) may be connected between a signal line and
a voltage supply line (VSS or VDD). The MOSFETs may be
cither P-channel, where N- may be in the region under the
poly gate and the poly 1s connected to VDD to keep the gate
ofl, or N-channel, where P- is in the region under the poly
gate and the poly 1s connected to VSS to keep the gate off. In

the example of FIG. 6, the poly 609 may be utilized to create
the effect of the body-ties 513, 515, and 517 of FIG. 5. The

MOSFETs of FIG. 6 may be surrounded by oxide. The MOS-
FETs may be connected to one another and to the signal node
and voltage supply lines (VSS or VDD) using a conductor
621, 623, 625, and 627, such as a metal, connected to the
MOSFETs using contacts. When connected to one another,
the p-side of one diode may be connected to the n-side of the
next diode, as illustrated by connections 623 and 6235, con-
necting MOSFETs 607 and 603 and MOSFETs 603 and 605,
respectively. The connections 627 and 621 may be connected
to a signal line and a voltage supply line (VSS or VDD).

It should be understood that MOSFET's are only exemplary
and may be replaced with other devices and/or configurations
to achueve the desired antenna current protection and SET
hardness as long as any one of the devices, when the other two
produce a transient current pulse from an energetic particle,
suificiently block the transient current pulse and allow normal
circuit operation. Examples of other devices and/or configu-
rations may include: MOSFET (floating body or body-tie)
with gate connected to source and MOSFET (floating body or
body-tie) with gate connected to a voltage supply such that 1t
1s always off and BJT with base connected to emutter.

In the example of FIG. 6, the three MOSFETs may be
arranged such that a straight line may pass through at most
two MOSFETs. Therefore, during normal circuit operation,
at most only two MOSFETs may produce a transient current
pulse by a line of charge from an energetic particle passing
through; the other MOSFET remains reverse biased thereby
suificiently blocking the transient current pulse. As a result,
an SE'T will not be produced on the node.
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FIG. 7 1s a layout diagram 1illustrating an example of a four
diode arrangement using SOI technology. In this example, the
circuit may be similar to that discussed above with respect to
FIG. 5. The example may use SOI technology with silicon
body-tie capability. The four diodes 703, 705, 707, and 709
may be connected between the signal node and VSS, the
signal node and VDD, or both. Each of the diodes 703, 705,
707, and 709 may comprise a heavily doped p-type (P+) and
a heavily doped n-type (N+) region, with lightly doped n-type
(N-) body-tie regions, 713, 715, 717, and 719, respectively,
which may electrically connect directly to the N+ region since
that 1s of the same doping type. The body-ties 713, 715, 717,
and 719 may be either N- or P- body-tie.

The diodes may be connected to one another and to the
signal node and voltage supply lines (VSS or VDD) using a
conductor, such as a metal, connected to the diodes using
contacts. When connected to one another, the p-type region of
one diode may be connected to the n-type region of the next
diode, as 1llustrated by the conductor connecting diodes 707
and 703, diodes 703 and 705, and diodes 705 and 709. The
conductor may also be used to connect to a signal line and a
voltage supply line (VSS or VDD).

In this example, the body-ties 713, 715, 717, and 719 may
be N- body-ties, which may be pretferred since the P+/N-
reverse biased junction may have lower leakage than the
N+/P- reverse biased junction. The connections between the
diodes may be metal connecting the diodes through the con-
tacts as shown m FIG. 7. The diodes and the body-ties may be
surrounded by oxide.

In the example of FIG. 7, the four diodes may be arranged
such that a straight line may pass through at most three
diodes. Therefore, during normal circuit operation, at most
only three diodes may produce a transient current pulse by a
line of charge from an energetic particle passing through; the
other diode remains reverse biased thereby sutliciently block-
ing the transient current pulse. As a result, an SE'T will not be
produced on the signal node.

FI1G. 8 15 a layout diagram 1illustrating an example of a four
diode arrangement using floating body SOI technology. In
this example, the circuit may be similar to that discussed
above with respect to FIG. 6. In this example, the diodes of
FIG. 7, for example, may be replaced with MOSFET devices
803, 805, 807, and 809, which may be constructed to function
as diodes by replacing one of their source/drain doping types
with the type that matches the body region doping type. The
MOSFETSs (also known as gated p-n junction diodes) may be
connected between a signal line and a voltage supply line
(VSS or VDD). The MOSFETs may be eitther P-channel,
where N— may be 1n the region under the poly gate and the
poly 1s connected to VDD to keep the gate off, or N-channel,
where P- 1s in the region under the poly gate and the poly 1s
connected to VSS to keep the gate oif In the example of FIG.
8, the poly 819 may be utilized to create the efiect of the
body-ties 713,715, 717, and 719 of FI1G. 7. The MOSFETSs of
FIG. 8 may be surrounded by oxide. The MOSFETs may be
connected to one another and to the signal node and voltage
supply lines (VSS or VDD) using a conductor, such as a
metal, connected to the MOSFETs using contacts. When
connected to one another, the p-side of one diode may be

connected to the n-side of the next diode, as 1llustrated by the
conductor connecting MOSFETs 807 and 803, MOSFETs

803 and 805, and MOSFETs 805 and 809. The conductor may
also be used to connect to a signal line and a voltage supply
line (VSS or VDD).

It should be understood that MOSFETs are only exemplary
and may be replaced with other devices and/or configurations
to achieve the desired antenna current protection and SET
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hardness as long as any one of the devices, when the other two
produce a transient current pulse from an energetic particle,
suificiently block the transient current pulse and allow normal
circuit operation. Examples of other devices and/or configu-
rations may include: MOSFET (floating body or body-tie)
with gate connected to source and MOSFET (floating body or
body-tie) with gate connected to a voltage supply such that 1t
1s always off and BJT with base connected to emutter.

In the example of FIG. 8, the four MOSFETs may be
arranged such that a straight line may pass through at most
three MOSFETs. Therefore, during normal circuit operation,
at most only three MOSFETs may produce a transient current
pulse by a line of charge from an energetic particle passing
through, the other MOSFET remains reverse biased thereby
suificiently blocking the transient current pulse, and as a
result an SET will not be produced on the node.

The location and orientation of the diodes/MOSFET's rela-
tive to each other 1n FIG. 5/7 and FIG. 6/8 may be such that
there 1s no straight line that can pass through all diodes/
MOSFETSs. The diodessMOSFET s may be moved and rotated
to make other configurations as long as the net result 1s that
there 1s no straight line that can pass through all diodes/
MOSFETs. Lines 550, 650, 750, and 850, 1n FIGS. 5,6, 7, and
8, respectively, illustrate the closest point a straight line may
get to touching all diodes/MOSFETSs, but only touching two
out of the three or three out of the four diodess/MOSFETs.

In one example, oxide may surround each of the diodes/
MOSFETs. In another example, 1t may be possible to merge
some of the silicon regions to reduce metal interconnect.
Most technologies silicide the P+ and N+ regions to reduce
their parasitic resistance. The silicide may be capable of
bridging a P+/N+ junction and short them together. This 1s
illustrated i FIGS. 9, 10, 11, and 12, which correspond to
FIGS. §, 6, 7, and 8, respectively, discussed above. Merging
the P+/N+ field cut regions may create additional p-n junc-
tions, which may not be parasitic because they are shorted out
by the silicide.

FIG. 9 1s alayout diagram illustrating an example of athree
diode arrangement using body-tied SOI technology with sili-
cide. The three diodes 903, 905, and 907 may be connected
between the signal node and VSS, the signal node and VDD,
or both. Each of the diodes 903, 905, and 907 may comprise
a heavily doped p-type (P+) and a heavily doped n-type (N+)
region, with lightly doped n-type (N-) body-tie regions, 913,
915, and 917, respectively, which may electrically connect
directly to the N+ region since that 1s of the same doping type.
The body-ties 913, 915, and 917 may be either N- or P-
body-tie. The diodes may be connected to one another by
silicide. The diodes may also be connected to the signal node
and voltage supply lines (VSS or VDD) using a conductor,
such as a metal, connected to the diodes using contacts.

In the example of FIG. 9, the three diodes may be arranged
such that a straight line may pass through at most two diodes.
Therefore, during normal circuit operation, at most only two
diodes may produce a transient current pulse by a line of
charge from an energetic particle passing through, while the
other diode remains reverse biased, and thereby sufficiently
blocking the transient current pulse. As a result, an SET will
not be produced on the signal node.

FIG. 10 1s a layout diagram 1llustrating an example of a
three diode arrangement using floating body SOI technology
with silicide. Floating body SOI may not have body-tie capa-
bility. In this example, the diodes of FI1G. 9, for example, may
be replaced with MOSFET devices 1003, 1005, and 1007,
which may be constructed to function as diodes by replacing
one of their source/drain doping types with the type that
matches the body region doping type. The MOSFETs may be
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connected between a signal line and a voltage supply line
(VSS or VDD). The MOSFETs may be either P-channel,
where N- may be 1n the region under the poly gate and the
poly 1s connected to VDD to keep the gate off, or N-channel,
where P- 1s in the region under the poly gate and the poly 1s
connected to VSS to keep the gate oif In the example of FIG.
10, the poly 1009 may be utilized to create the effect of the
body-ties 913,915, and 917 of FI1G. 9. The MOSFET s may be
connected to one another by silicide. The MOSFETs may also
be connected to the signal node and voltage supply lines (VSS
or VDD) using a conductor, such as a metal, connected to the
diodes using contacts.

It should be understood that MOSFETSs are only exemplary
and may be replaced with other devices and/or configurations
to achieve the desired antenna current protection and SET
hardness as long as any one of the devices, when the other two
produce a transient current pulse from an energetic particle,
suificiently block the transient current pulse and allow normal
circuit operation. Examples of other devices and/or configu-
rations may include: MOSFET (floating body or body-tie)
with gate connected to source and MOSFET (floating body or
body-tle) Wlth gate connected to a voltage supply such that it
1s always ofl and BJT with base connected to ematter.

In the example of FIG. 10, the three MOSFETs may be
arranged such that a straight line may pass through at most
two MOSFETs. Therefore, during normal circuit operation,
at most only two MOSFETSs may produce a transient current
pulse by a line of charge from an energetic particle passing
through, while the other MOSFET remains reverse biased
thereby sufficiently blocking the transient current pulse. As a
result, an SET will not be produced on the node.

FI1G. 111s a layout diagram 1llustrating an example of a four
diode arrangement using SOI technology with silicide. The
four diodes 1103, 1105, 1107, and 1109 may be connected
between the signal node and VSS, the signal node and VDD,
or both. Fach of the diodes 1103, 1105, 1107, and 1109 may
comprise a heavily doped p-type (P+) and a heavily doped
n-type (N+) region, with lightly doped n-type (N-) body-tie
regions, 1113,1115,1117, and 1119, respectively, which may
clectrically connect directly to the N+ region since that 1s of
the same doping type. The body-ties 1113, 1115, 1117, and
1119 may be either N- or P- body-tie. The diodes may be
connected to one another by silicide. The diodes may also be
connected to the signal node and voltage supply lines (VSS or
VDD) using a conductor, such as a metal, connected to the
diodes using contacts.

In the example of FIG. 11, the four diodes may be arranged
such that a straight line may pass through at most three
diodes. Therefore, during normal circuit operation, at most
only three diodes may produce a transient current pulse by a
line of charge from an energetic particle passing through,
while the other diode remains reverse biased thereby suifi-
ciently blocking the transient current pulse. As a result, an
SET will not be produced on the node.

FIG. 121s alayout diagram 1llustrating an example of a four
diode arrangement using tloating body SOI technology with
silicide. Floating body SOI may not have body-tie capability.
In this example, the diodes of FIG. 11, for example, may be
replaced with MOSFET devices 1203, 1205, 1207, and 1209,
which are constructed to function as diodes by replacing one
of their source/drain doping types with the type that matches
the body region doping type. The MOSFETs (also known as
gated p-n junction diodes) may be connected between a signal
line and a voltage supply line (VSS or VDD). The MOSFETs
may be either P-channel, where N- may be 1n the region
under the poly gate and the poly 1s connected to VDD to keep
the gate ofl, or N-channel, where P- 1s 1n the region under the
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poly gate and the poly 1s connected to VSS to keep the gate
off. In the example of FIG. 12, the poly 1216 may be utilized
to create the effect of the body-tles 1113, 1115, 1117, and
1119 of FIG. 11. The MOSFETs may be connected to one
another by silicide. The MOSFETs may also be connected to
the signal node and voltage supply lines (VSS or VDD) using
a conductor, such as a metal, connected to the diodes using
contacts.

It should be understood that MOSFET's are only exemplary
and may be replaced with other devices and/or configurations
to achueve the desired antenna current protection and SET
hardness as long as any one of the devices, when the other two
produce a transient current pulse from an energetic particle,
suificiently block the transient current pulse and allow normal
circuit operation. Examples of other devices and/or configu-
rations may include: MOSFET (floating body or body-tie)
with gate connected to source and MOSFET (floating body or
body-tie) with gate connected to a voltage supply such that 1t
1s always off and BJT with base connected to ematter.

In the example of FIG. 12, the four MOSFETs may be
arranged such that a straight line may pass through at most
three MOSFETs. Therefore, during normal circuit operation,
at most only three MOSFETs may produce a transient current
pulse by a line of charge from an energetlc particle passing
through, while the other MOSFET remains reverse biased
thereby suificiently blocking the transient current pulse. As a
result, an SET will not be produced on the node.

In another example, the diodes of the antenna protection
circuit may be MOSFETs connected 1n a diode configuration.
This may be useful 1n a sea-of-gates gate array ASIC (Appli-
cation Specific Integrated Circuit). A typical basecell 1n a
sea-ol-gates gate array ASIC contains 2 P-channel and 2
N-channel MOSFET devices and no diode devices. In a sea-
of-gates arrangement basecell, the body connections of
MOSFETs may be a common node or may be separate nodes.
In some examples, where area may be limited, MOSFETs
may be used in place of diodes as MOSFETs generally
occupy less area than diodes.

FIG. 13 1s a circuit diagram illustrating an example of
creating the four diode antenna circuit from the MOSFETs
found within a sea-of-gates gate array basecell used in some
gate array ASICs. Connecting the basecell MOSFETSs as
shown 1n FIG. 13 may be represented by the equivalent diode
circuit diagram 1350 and may result in the four MOSFETs
being positioned 1n such a way that a straight line can only
pass through or touch at most three of the four MOSFET
regions.

FIG. 14 1s a circuit diagram illustrating an example of
creating the four diode antenna circuit from the MOSFETs
with shared body connections found within a sea-of-gates
gate array basecell used 1n other gate array ASICs. The MOS-
FET circuit diagram of FIG. 14 may be represented by the
equivalent diode circuit diagram 1450 and may result in the
tour MOSFFETs being positioned 1n such a way that a straight
line can only pass through or touch at most three of the four
MOSFET regions. In this example, 1f an energetic particle

passes through diodes (1.e., MOSFETs) 1451 and 14357, nei-
ther diodes (1.e., MOSFETs) 1433 nor 1455 are reverse
biased. However, because an energetic particle can pass
through up to any three diodes (i1.e., MOSFETSs), one of these
diodes (1.e., MOSFETSs) does not produce a transient current
pulse, but mnstead 1s forward biased. A diode forward bias
voltage drop may be approximately 0.7V. Additionally, there
are also voltage drops in the other three diodes due to parasitic
resistance. As a result this 1s a total voltage drop may be
approximately 0.9V, This limits the voltage transition to may
be approximately VDD—0.9V. Depending on the value of
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VDD, the resulting amount of voltage transition may be
insuificient to go past the switching voltage of the down-
stream circuitry and thus will not propagate, and therefore,
the circuit remains SET-hardened for small VDD values but
may not be SET-hardened for large VDD values.

In one example, parasitic p-n junction structures may be
present in the circuit. As a result, the parasitic p-n junction
structures must be included with the mtended non-parasitic
diodes to determine if for all possible particle paths at least
one intended diode remains reverse biased. For example, 11 a
single parasitic p-n junction exists between the signal node
and the voltage supply then an energetic particle path through
the parasitic p-n junction will circumvent the at least three
intended diodes and produce a transient current pulse
between the signal node and the supply voltage.

Examples of this disclosure may be utilized on signal
nodes driven by circuitry that may not be SET-hardened, but
may have some amount of SET hardening designed 1n, or SET
may be a concern. Placing an SE'T-hardened antenna protec-
tion circuit may be beneficial 1n eliminating the possibility of
increasing SE'T sensitivity. In other examples, SET may not
be a concern, but the circuitry may be exposed to energetic
particles, and therefore, by using an SET-hardened antenna
protection circuit, whatever degree of SE'T tolerance resides
in the circuit may not be compromised by the addition of
antenna protection circuits. Therefore, antenna protection cir-
cuits may be placed on any node with impunity with regard to
SET.

The antenna protection circuit of this disclosure may be
included i a CAD tool kit. The CAD software may treat the
antenna protection circuit as a “black box.” During a circuit
design flow, the antenna protection circuit may be inserted on
metal lines automatically by the CAD software as needed. For
example, the antenna protection circuit may be automatically
inserted on a metal line that exceeds a predefined ratio of
metal area to polysilicon gate area. Other rules may be used to
identily where to msert the antenna protection circuit 1n a
circuit design.

It should be understood that the 1llustrated examples are
only exemplary and should not be taken as limiting the scope
of the present invention. While aspects of the present imnven-
tion are illustrated with circuits comprising three or four
diode devices (FIGS. 3,4,5,7,9 and 11) or diode constructed
MOSFET (1.e., gated diode) devices (F1GS. 6,8, 10 and 12) or
standard constructed MOSFET devices (FIGS. 13 and 14),
more devices may be utilized in constructing the circuit and
other types of devices (e.g., BITs, JFETs or SCRs) may be
also utilized.

Various examples have been described 1n the disclosure.
These and other examples are within the scope of the follow-
ing claims.

The mvention claimed 1s:

1. A protection circuit comprising;:

at least three p-n junction structures connected 1n series;

wherein a first of the at least three p-n junction structures 1s
connected to a first voltage line;

wherein a last of the at least three p-n junction structures 1s
connected to a second voltage line, wherein the second
voltage line 1s one of a voltage supply line and a ground
line; and

wherein the at least three p-n junction structures are
arranged such that a straight line cannot pass through all
of the at least three p-n junction structures,

and

wherein the at least three p-n junction structures are
arranged such that normal circuit operation i1s not
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impeded 11 all but one of the at least three p-n junction
structures produce a transient current pulse from an
energetic particle.

2. The protection circuit of claim 1, wherein the at least
three p-n junction structures consist of three p-n junction
structures.

3. The protection circuit of claim 2, wherein the three p-n
junction structures are arranged such that the straight line can
pass through at most two of the three p-n junction structures.

4. The protection circuit of claim 1, wherein the at least
three p-n junction structures consist of four p-n junction
structures.

5. The protection circuit of claim 4, wherein the four p-n
junction structures are arranged such that the straight line can
pass through at most three of the four p-n junction structures.

6. The protection circuit of claim 1, wherein each two p-n
junction structures of the at least three p-n junction structure
are connected by a terminal, and wherein each terminal con-
necting two of the at least three p-n junction structures con-
nected between the first and last of the at least three p-n
junction structures includes an anode and a cathode, wherein
the terminal connecting to only the first of the at least three
p-n junction structures connects to the cathode of said p-n
junction structure, wherein the terminal connecting to only
the last of the at least three p-n junction structures connects to
the anode of said p-n junction structure, wherein the cathode
ol the first of the at least three p-n junction structures connects
to the more positive of the first voltage line and the second
voltage line and the anode of the last of the at least three p-n
junction structures connects to the more negative of the first
voltage line and the second voltage line.

7. The protection circuit of claim 1, wherein the first volt-
age line 1s a metal line to be protected against charge accu-
mulation.

8. The protection circuit of claim 1, wherein a single event
transient tolerance of the first voltage line 1s not degraded by
the placement of the protection circuait.

9. The protection circuit of claim 1, wherein the at least
three p-n junction structures are not associated with any para-
sitic p-n junction structures.

10. The protection circuit of claam 1, wherein the p-n
junction structures comprise at least one of: diode, MOSFET,
BJT, and other p-n junction-containing devices.

11. A method for protecting a metal line from charge accu-
mulation during fabrication without degrading a single event
transient tolerance of a circuit connected to the metal line, the
method comprising:

connecting at least three p-n junction structures 1n series;

connecting the first of the at least three p-n junction struc-

tures to a first voltage line; and

connecting the last of the at least three p-n junction struc-

tures to a second voltage line, wherein the second volt-
age line 1s one of a voltage supply line and a ground line;
and
arranging the at least three p-n junction structures such that
a straight line cannot pass through all of the at least three
p-n junction structures; and

arranging the at least three p-n junction structures such that
normal circuit operation 1s not impeded if all but one of
the at least three p-n junction structures produce a tran-
sient current pulse from an energetic particle.

12. The method of claim 11, wherein the at least three p-n
junction structures consist of three p-n junction structures.

13. The method of claim 12, wherein arranging comprises
arranging the three p-n junction structures such that the
straight line can pass through at most two of the three p-n
junction structures.
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14. The method of claim 11, wherein the at least three p-n
junction structures consist of four p-n junction structures.

15. The method of claim 14, wherein arranging comprises
arranging the four p-n junction structures such that the

16

the anode of said p-n junction structure, wherein the cathode
ol the first of the at least three p-n junction structures connects
to the more positive of the first voltage line and the second
voltage line and the anode of the last of the at least three p-n

straight line can pass through at most three of the four p-n 5 Jjunction structures connects to the more negative of the first

junction structures.

16. The method of claim 11, wherein connecting the at least
three p-n junction structures in series comprises connecting,
the at least three p-n junction structures such that each two p-n
junction structures of the at least three p-n junction structure
are connected by a terminal, and wherein each terminal con-
necting two of the at least three p-n junction structures con-
nected between the first and last of the at least three p-n
junction structures includes an anode and a cathode, wherein
the terminal connecting to only the first of the at least three
p-n junction structures connects to the cathode of said p-n

junction structure, wherein the terminal connecting to only
the last of the at least three p-n junction structures connects to

voltage line and the second voltage line.
17. The method of claim 11, wherein the first voltage line
1s a metal line to be protected against charge accumulation.
18. The method of claim 11, wherein a single event tran-

10 sient tolerance of the first voltage line 1s not degraded by the
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placement of an antenna protection circuit.

19. The method of claim 11, wherein the at least three p-n
junction structures are not associated with any parasitic p-n
junction structures.

20. The method of claim 11, wherein the p-n junction
structures comprise at least one of: diode, MOSFET, BJT, and
other p-n junction-containing devices.
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